Abstract-This paper presents a methodology for controlling dynamic bipedal walking in a compliantly actuated humanoid robotic system. The approach is such that it exploits the natural leg dynamics of the single and double support phase of the gait. The present approach avoids to close a torque control loop at joint level. While simulation implementations of torque based walking for series elastic actuator (SEA) humanoids display very promising results, several robustness issues very often appear in the experiments. Therefore we introduce here a minimalistic controller, which is based on feedback of control input collocated variables, with the only exception of zero joint torque control. Reshaping of the intrinsic elasticities by control is completely avoided. In order to achieve a coordinated movement of swing and stance leg during single support phase, an appropriate one-dimensional manifold of the motor positions is designed. This constrained behavior is experimentally shown to be compatible with the intrinsic mechanical oscillation mode of the double support phase. The feasibility of this methodology is experimentally validated on a human-scale, anthropomorphic bipedal robotic system with SEA actuation.
I. INTRODUCTION
In contrast to quasi-static walking, where the vertical projection of the center of mass is always inside the support polygon, dynamic walking implies mechanical robustness of the hardware against impacts and high peak forces due to dynamically changing contact situations. Since motors and feasible control loops are not sufficiently fast to react safely against high-frequency impacts, real springs have to be introduced in the power-train between motors and links [1] which together with damping present in any physical system act as low-pass filters on the external forces. In addition to the robustness properties resulting due to the introduction of springs, the elastic energy storages can be exploited to increase the performance and efficiency by exploiting intrinsic resonance properties of the plant. However, besides the beneficial properties, the elastic elements double the order of the dynamics compared to rigid robots which particularly turns the control of dynamical locomotion into a challenging task.
Classical approaches based on the inverted pendulum model and the zero moment point (ZMP) [2] , [3] , [4] are mainly intended for quasi-static walking gaits. These approaches apply to fully actuated rigid robots which cannot handle high peak forces as potentially appearing in dynamic walking gaits. In order to be able to evolve from static to dynamic walks, the introduction of elastic actuation elements helps to reduce the impact forces and offers energy saving capabilities for weight bearing and the swing motions of the legs [5] . On the basis of these insights, the conceptual spring loaded inverted pendulum (SLIP) models [6] , [7] , [8] , [9] or the compliant hybrid zero dynamics framework [10] have been introduced. Thereby, the template dynamics such as the SLIP model or the hybrid zero dynamics need to be implemented via virtual constraint. These dynamics, substantially differ from the dynamics of a humanoid robot with segmented legs having non-negligible mass. Therefore, the desired SLIP behavior has to be imposed to the plant, e.g., by feedback linearization [10] or virtual model control [11] , [12] , [13] . These robotic control implementations of legged locomotion hence require to substantially change the dynamics of the plant, which is restricted by actuator limitations.
In this work, we first identify and then excite the natural dynamics of the system during the stance phase. The energy efficient input into the system along the dominant intrinsic oscillation mode is then exploited in the single support phase which is designed by the concept of a one-dimensional manifold. These constraints achieve a coordination of the stance and swing leg dynamics only by feedback of the control input collocated motor positions. Thereby, the required motion of the dynamic walk can be generated without the need of link-side stiffness reshaping which is shown to usually result in positive torque feedback. As a result, the dynamic walking controller is practically feasible as exemplified by experiments.
The paper is structured as follows: Sect. II introduces the basic idea of the controller based on simple examples. In Sect. III the considered model is introduced and the problem of controlling compliantly actuated systems in highly dynamics tasks is stated. The dynamic walking control algorithm is introduced in Sect. IV and experimental validation is provided in Sect. V. Finally, Sect. VI briefly concludes the work.
II. IDEA
The basic idea of this paper is to exploit the mechanical robustness and energy efficiency properties of compliant actuators to achieve dynamic and fast bipedal walking in a human-like scaled robotic system.
A. Compliant actuators
The basic principle of compliant actuators is to connect the load to the motor via an elastic element. Thereby, the assembly is such that the motor including gear-box acts via a spring on the link inertia. The simplest model representing a single compliantly actuated joint (in the absence of gravity) can be expressed as
Herein, M > 0 denotes the inertia of the link, K > 0 is the stiffness of a linear spring, θ ∈ R and q ∈ R represent the positions of motor and link, respectively, and τ ext ∈ R is an external torque. Since the elastic element of compliant actuators transmits energy from the motor to the link, an efficient design avoids friction as much as possible such that the dissipative torque Dq (where D > 0) can be assumed to be concentrated at the link-side.
Note that this simple model (1) will be considered to explain the basic mechanisms of mechanical robustness and energy efficiency which are of paramount importance for dynamic bipedal walking, while the full nonlinear model is addressed in the controller design and evaluation.
B. Robustness against impacts
Quasi-static walking implies that the zero moment point (ZMP) is always inside the support polygon, i. e., all trajectories of the gait are such that the system is statically balanced. In contrast, dynamic walking consists of stable and unstable phases. The latter is a result of a transitional under-actuated rigid-body dynamics during the single support phase which corresponds mainly to the inverted pendulum dynamics. The changing contact situations of the dynamic gait lead to impacts which the robotic hardware needs to resist. Compliant actuators are intrinsically robust against corresponding high frequency external torques without requiring the motor to move. This can be seen by inspecting the dynamics (1) under the change of coordinate τ = K(θ − q), where the motor position is assumed to be constant, i. e., θ = const.:
The resulting relation represents the dynamics of a second order low-pass filter for the external torques τ ext . Peaks of impact forces above the cutoff frequency ω c = K/M are suppressed such that joint torques τ reaching the gearbox do not contain the high peaks of the impact. Thus robustness against impacts is achieved automatically by the elastic elements of compliant actuators.
C. Principles of energy efficient motion generation
To achieve energy efficient motion generation, we exploit very basic control principles which excite the natural dynamics of the plant rather than reshaping it by feedback control. Note that the walking task can be subdivided into the single support phase (i. e., one foot in contact) and the double support phase, each displaying a different dynamics. The former is dominated by the rigid body motion of an inverted pendulum in the gravity field. The latter basically displays a multi degree of freedom dynamics structurally equivalent to the one degree of freedom compliant actuator (1), i. e., dominated by the inertial and compliance effects. Switching the motor position θ by a constant amountθ triggered by a threshold τ on the generalized force τ which corresponds to the first oscillation mode of the system [14] , i. e.,
excites and sustains an asymptotically stable limit cycle of a mass-spring-damper dynamics [15] . The basic idea of this paper is to exploit this fundamental principle for the excitation of a natural oscillation in the double support phase of the gait and then use the gained energy of the oscillation to "overcome the gravity" of the rigid body motion in the single support phase. Thus a coordinated transfer of energy between the two phases is achieved, where each phase performs a natural motion.
D. Static equilibrium control of intrinsic elasticities
Besides the advantageous properties of mechanical robustness and energy efficiency, the introduction of elasticities entails an increase in the order of the plant dynamics compared to rigid robot joints which can be taken into account by considering the motor dynamics
in addition to the link dynamics (1). Herein, B > 0 is the constant inertia of the rotor and the motor torque u ∈ R is the control input. The additional dynamics 2 (4) due to the compliant actuation appearing between the control input u and the link side states q,q makes the control of compliantly actuated robots a challenging task.
In particular, most of the bipedal locomotion control approaches such as [3] , [11] , [12] , [2] , [4] , [13] , [17] , [10] etc. assume a high bandwidth control input either on joint position or joint torque level. However, due to actuator limitations, model parameter uncertainties, noise, and unmodeled dynamics, providing such control inputs in compliantly actuated systems is mainly limited to tasks of slow dynamics (i. e., low frequency tasks). Since we are interested in highly dynamic locomotion, the basic idea of the presented methodology is the use of only control input collocated variables, i. e., θ,θ, in the feedback loops.
III. PROBLEM STATEMENT

A. Modeling
We consider compliantly actuated bipedal robotic systems satisfying the free-floating base dynamics
. (5) Herein, M ∈ R (nb+2nj)×(nb+2nj) represents the inertia matrix and Cẋ ∈ R nb+2nj the generalized Coriolis/centrifugal forces. The total potential energy of the system comprises the gravity potential U g ∈ R and the elastic potential U e (θ, q) ∈ R. The latter is assumed to be a convex function in each of its arguments. The configuration variables of the dynamics (5) at position level
are composed of the configuration of the free-floating base h ∈ R nb , the joint positions q ∈ R nj and the motor positions θ ∈ R nj , where n b denotes the number of floating base degrees of freedom and n j the number of (single degree of freedom) joints. Only the states of the motors θ,θ are directly actuated via the motor torques u, which are the only control input of the system. The free-floating base and the link dynamics can be subject to contact forces λ c , where J c is the corresponding Jacobian matrix of the contact points 3 . Finally, the term d ∈ R 2nj accounts for the generalized dissipative forces (i. e., friction and damping) which are present in any mechanical system. They are assumed to satisfy
The model (5) is introduced in a very general form since the basic control concepts proposed in this paper apply to such a general model. To simplify the description, we will focus on the specific case of our robotic hardware system in the following. In that case n b = 3 (i. e., the base is free to translate and rotate in the plane), n j = 6 (i. e., single degree of freedom joints for the hip, knee, and ankle of each of the two legs), and the elastic potential is quadratic and such that each joint is actuated via one motor, i. e.
where K ∈ R 6×6 is a diagonal and positive stiffness matrix.
B. Avoiding joint torque control
Many locomotion control approaches [12] , [13] , [17] , [10] could be directly applied to plants satisfying (5) , if the joint torque τ = K (θ − q) would be a control input of the system. Since this is not the case, some methods [18] , [19] have been investigated to provide a joint torque input by closing an inner control loop. However, as conceptually discussed in Sect. II, closing an inner joint torque control loop could lead to an unstable behavior or limitations in the control performance especially for fast impacts and highly dynamic motions. In the following, this state of affairs will be exemplified formally for the case of reshaping the stiffness seen from the joint outputs.
Assume that we want to reshape the intrinsic joint stiffness of the plant K to the value K des to match a desired task dynamics, which is different from the intrinsic one. This would be achieved by desired joint torques of the form
or equivalently by desired motor positions of the form
Since θ des depends on q, where q is a system state, θ des varies over time. Therefore, a motor position controller of the form (10) would be required to achieve a tracking of θ des , where
are positive definite controller gains and n summarize additional feedforward terms. Inspecting the first term of the control (10):
where (9) has been substituted, it can be immediately seen that feedback of the control input non-collocated variable q appears. In particular, if the desired stiffness is chosen higher than the joint stiffness, i. e., K des K, the coefficient of q in (11) becomes negative, which has the same effect as positive torque feedback. The implementation of control input non-collocated feedback and in particular positive torque feedback is very sensitive to unmodeled dynamics and sensor noise. High frequency disturbances as appearing in dynamic locomotion tasks drive the systems to their limits which in turn could lead to an unstable behavior. As such, the approach presented here will be based mainly only on feedback of control input collocated states θ,θ. The only exception will be "zero torque" control, i. e., τ des,i = 0, for some i, which is uncritical as can be seen from the discussion above.
IV. DYNAMIC WALKING CONTROLLER DESIGN
The dynamic walking controller design is a joint result of an appropriate double and single support phase control which both exploit the natural dynamics of the plant on the one hand, but also take into account the limitations available in any hardware system on the other hand. Due to the leg segmentation, bipeds and also quadrupeds are able to move in almost every terrain. As a result of this leg structure also the actuation takes place in the joints of the articulated chains of limb segments. However, the locomotion task can be described and analyzed more conveniently in different coordinates than the joint coordinates (cf. the classical inverted pendulum model [3] or the spring loaded inverted pendulum model [6] , [7] , [8] , [9] ). Thus, we introduce new task-oriented coordinates which are intended to simplify the synthesis of the walking controller rather than to reshape the original dynamics of the plant. This set of task-oriented coordinates have already partly been used in our previous work [20] , but here a simpler representation is introduced, which can be chosen in a singularity free way. A particular extension for the description of bipedal locomotion tasks is presented.
A. Task coordinates
For a single leg with three segments, we identify the following relevant leg task-oriented coordinates as shown in Fig. 2 , where the human-inspired assumption of equal thigh and shank segment lengths is made:
1) the angle of the leg y 1 = q 1 + q 2 /2 which represents the angle between the upper body and the leg axis connecting the center of rotation of the hip and ankle joints, 2) the length of the leg axis y 2 = l(q 2 ), where l : R → R is a function of q 2 and which represents the distance of the hip and ankle joint rotation axis, 3) the angle of the foot w. r. t. the leg axis y 3 = q 2 /2+q 3 . Note that the length of the leg axis could be parameterized by the knee angle itself, i. e., l(q 2 ) = q 2 . In that case, the coordinate transformation y = y(q) is linear and of course singularity free. On the basis of this leg configuration representation, we can introduce coordinates for the bipedal system which decouple the step length (i. e., the relative leg angle) and orientation of the legs w. r. t. the upper body (see, Fig. 3 ). Therefore, assume as a first step that the right leg configuration is described by the coordinates (y 1 , y 2 , y 3 ) and the left leg configuration by (y 4 , y 5 , y 6 ). These configuration variables can be composed as the change of coordinates
between the joint angles q and the leg task-oriented coordinates y. Note that in this representation, the coordinate transformation for each leg can be considered separately, i. e., y 1...3 = y 1...3 (q 1...3 ) and y 4...6 = y 4...6 (q 4...6 ) for the right and left leg, respectively. Then in a second step, we introduce task-oriented coordinates at a bipedal level. Therefore, we define the relative angle between the leg axes as
and the angle between the upper body and the mean angle of the two leg axes as
The transformation between the leg and bipedal task-oriented coordinates then takes the form
The leg task-oriented coordinates (12) are only introduced as an intermediate derivation step. The complete transformation between the joint and bipedal task-oriented coordinates results by the composition of the mappings (12) and (15):
These coordinates will form the basis for the controller design presented in the following.
B. Modal motion identification and control
In the double support phase, if the motors hold a constant position, the compliantly actuated system can be deflected w. r. t. its equilibrium position such that a natural oscillation occurs. The oscillation modes exist, in the form defined in linear theory, only for small deflections. However, the first oscillation mode proves to be stably excitable in practice also for oscillations reaching far into the nonlinear regime. Therefore, given an appropriate double support phase configuration [21] , and given a stiffness and inertia distribution, the system displays a first oscillation mode which can be exploited to initiate the swing phase of the walking task (see the attached video for an intuitive visualization).
The dominant oscillation modes of the system can be identified by an experiment as described above, where the motors hold a constant position and the motion of the joints is observed. Then, a principal component analysis of the observed data in response to an external perturbation
where each of the N rows represents an observation of the oscillation, reveals the averaged direction of the intrinsic mechanical oscillation modes [22] . Thereby, each of the principal vectors corresponds to an oscillation mode. The principal direction with the highest variation, which will be denoted by w 0 ∈ R nj , corresponds to the dominant oscillation mode of the plant. This modal motion can be excited and sustained by the adaptive switching law [23] :
where θ 0 represents the initial configuration of the motors and the generalized modal coordinate 4 The oscillation modes are an intrinsic property of the plant. Thus, all the following procedures can also be performed in the task-oriented coordinates.
switches with the amplitudeθ w if the generalized modal force τ w = w T τ overshoots the threshold w > 0. Note that thereby given the initial guess w 0 , the modal weights can be adapted based on the dynamical laẇ
where w(t) and q(t) both depend on time and 0 < k w 1 represents an adaptation gain [24] .
This fundamental principle of natural oscillation excitation can be used to input the kinetic energy required to perform the initial step of the walking gait in a portion wise manner.
C. Single support phase manifold
The single support phase of the walking gait has two main functionalities: (i) the total center of mass has to be borne via the stance leg and transported forward in walking direction and (ii) the swing leg has to be brought to the configuration of the stance leg at the beginning of the double support phase. While (i) can be represented by the dynamics of an inverted pendulum, (ii) could be described by the dynamics of a regular pendulum with the same swing frequency as the inverted pendulum of the stance leg. The coordination of the stance and swing leg motion can be achieved by introducing a constraint which determines the swing leg configuration by means of a parameter describing the state of the stance leg inverted pendulum at position level. Such a parameter could be the absolute angle of the stance leg axis (i. e., the angle between the leg axis and the vertical line, see, Fig. 3 ). If it is assumed that the stance foot stays flat on the ground, then the angle of the position of the ankle joint can be chosen as parameter. Due to the general concept of avoiding feedback of control input non-collocated variables as discussed in Sect. III-B, the manifold is designed in terms of motor positions which will be denoted by putting a bar on the transformed variables (cf. Sect. IV-A), i. e.,z := z(θ). Thus, the parameter of the one-dimensional submanifold of R 6 is eitherβ = z 4 (θ) =z 4 orβ = z 6 (θ) =z 6 depending on whether the right or the left leg is the stance leg, respectively. The resulting constraints take the following form:
if the right leg (with joint variables (q 1 , q 2 , q 3 ) ) is in stance andz (q 4 , q 5 , q 6 ) ) is in stance. In (21) respectively (22) , there appear several constants which parameterize the step:
• h 3,des is the absolute desired orientation of the upper body, • ρ 0 > 0 is the initial knee flexion, and • u β is a constant torque offset of the stance foot ankle joint which is realized by a constant deflection of the springs. Moreover, in (21) respectively (22) 
which is responsible to ensure ground clearance of the swing leg, is introduced. This function depends on the additional parameters:
• α 0 > 0 represents the nominal step length angle and • ρ flexion > 0 is the additional knee flexion required to ensure ground clearance. Note thatz 4,des = z 4 + u β in (21) respectivelyz 6,des = z 6 + u β in (22) implements a "zero torque" control in the ankle joint of the corresponding stance leg. Thereby, u β is an offset on the "zero torque" which can be used to overcome friction and input the energy required to sustain the gait.
D. Finite state machine
The gait is controlled by a finite state machine which is triggered based on states of the plant at position level. The output of the state machine are desired motor positions θ des = z −1 (z des ) which are fed as desired values to the motor PD controller (10) of Sect. III-B.
The state machine comprises two parts: step initiation and continuous walking. The former part implements the modally adaptive limit cycle control (18)- (20) . This part is responsible to input the energy required to perform the initial step in a resonance like manner. The second part of the state machine is depicted in Fig. 4 . This part of the state machine exploits the symmetry propertȳ
at the boundaryβ = −α 0 of the left respectively right leg single support manifold. Under the condition that u β = 0 at the transition between the single support manifolds, the desired motor positions θ des = z −1 (z des ) are continuous over the complete gait cycle, if the motor position of the corresponding swing leg (i. e.,z 4 respectivelyz 6 ) is tracked appropriately 5 . This can be shown by analyzing the finite state machine that controls the walking gait cycle step-bystep. Therefore, assume that the left leg is initially in stance (cf. state on the bottom of Fig. 4 
):
• Left stance phase: the motion ofβ(θ 5 , θ 6 ) evolves from α 0 to −α 0 . Whenβ(θ 5 , θ 6 ) hits the switching boundary given byβ(θ 5 , θ 6 ) = −α 0 , the desired motor positions the transition from the retraction to the following single support phase based on the generalized modal force τ w = w T τ , i. e., if τ w > w is satisfied. This would lead to a motion along the oscillation mode of the double support phase as discussed in Sect. IV-B. Thereby, the above continuity properties of the desired motor positions are maintained.
Finally, it should be noted that choosing the parameter u β = 0 leads to a discontinuous switching of the desired motor positionsz des which can be used to inject energy for a motion along the single support manifold.
V. EXPERIMENTS
The goal of the experiments is twofold: first, we want to show that our system displays intrinsic mechanical oscillation modes which can be exploited to initiate a step and which are compatible with the proposed single support phase manifold. Secondly, we aim at validating the proposed dynamic walking control methodology on a real hardware system.
The hardware platform which has been used for the experiments is the DLR C-Runner shown in Fig. 1 . It is a planar guided (i. e., the upper body has two translational and one rotational degree of freedom), human-scaled bipedal robot with series elastic actuators. The total body mass is 62 kg and the outstretched leg length is 0.8 m, where the thigh and shank segment lengths are 0.4 m. Thereby, thigh, shank, and foot have a segment mass of 5.46 kg, 5.42 kg, and 1.31 kg, respectively. Each of the hip, knee, and ankle joints are actuated by a geared electrical motor including a gearbox with transmission ratio of 80, reflected output inertia of 1.6 kg/m 2 , maximum output torque of 200 Nm, and maximum output velocity of 5 rad/s. The links are actuated by these drive-units via linear springs with stiffness 500 Nm/rad, 700 Nm/rad, and 500 Nm/rad for hip, knee, and ankle joint, respectively. a) Experiment 1: In the first experiment the system has been excited to perform a natural oscillation in a double support configuration using the modally adaptive limit cycle controller of Sect. IV-B. When the oscillation had reached a steady-state, a step based on the approach of Sect. IV-C has been triggered manually by activating a corresponding torque threshold. After performing a complete step, the limit cycle controller was activated again and the whole procedure was repeated. The horizontal motion of the upper body is depicted in Fig. 5 . This experimental result 7 reveals that the system displays a natural oscillation mode which is compatible with the single support manifold and can be applied to initiate a dynamic step. b) Experiment 2: The second experiment shows the continuous dynamic walking control introduced in Sect. IV-D. Thereby, the gait has been initiated by the modally adaptive limit cycle controller of Sect. IV-B. The resulting horizontal motion of the upper body is shown in Fig. 6 . Herein it can be seen that the dynamic walk approaches an average velocity of about 1 m/s. As depicted in Fig. 7 , the 7 See also the video of the experiment attached to this paper. Step initiating modal oscillations and dynamic steps are presented. As the energy of the modal oscillation can be exploited to perform the step, the compatibility of the step and the natural dynamics of the system can be concluded. Fig. 8 shows the desired and actual motor positions in terms of the bipedal task-oriented coordinates (15) . Thereby, it can be seen that the only discontinuity in the desired motor position arises due to the energy injection u β < 0 along the single support manifold. Additionally, it can be seen that our motor position tracking assumption of Sect. IV-D is fulfilled to a large extent. In summary, this experiment is a clear proof of concept of the control methodology presented in this paper 8 .
VI. CONCLUSION
A methodology to control bipedal dynamic walking in a robotic system with series elastic actuators is proposed. The controller implements mainly feedback of control input collocated variables and is therefore robust against unmodeled dynamics and noise. The main part of the controller is a one-dimensional single support manifold implemented on the motor side. The natural dynamics of the plant in the double support phase is shown to be compatible with this single support manifold in a sense that the modal oscillation can be exploited to excite a motion along the single support manifold. A rigorous proof of concept of the approach is given by experiments on a human-scale bipedal robotic hardware.
